Heschl's gyrus (HG) is a core region of the auditory cortex whose morphology is highly variable across individuals. This variability has been linked to sound perception ability in both speech and music domains. Previous studies show that variations in morphological features of HG, such as cortical surface area and thickness, are heritable. To identify genetic variants that affect HG morphology, we conducted a genome-wide association scan (GWAS) meta-analysis in 3054 healthy individuals using HG surface area and thickness as quantitative traits. None of the single nucleotide polymorphisms (SNPs) showed association P values that would survive correction for multiple testing over the genome. The most significant association was found between right HG area and SNP rs72932726 close to gene DCBLD2 (3q12.1; P = 2.77 × 10 −7 ). This SNP was also associated with other regions involved in speech processing. The SNP rs333332 within gene KALRN (3q21.2; P = 2.27 × 10 −6 ) and rs143000161 near gene COBLL1 (2q24.3; P = 2.40 × 10 −6 ) were associated with the area and thickness of left HG, respectively. Both genes are involved in the development of the nervous system. The SNP rs7062395 close to the X-linked deafness gene POU3F4 was associated with right HG thickness (Xq21.1; P = 2.38 × 10 −6 ). This is the first molecular genetic analysis of variability in HG morphology.
Heschl's gyrus (HG) is a macro-anatomical landmark of the brain which contains the primary auditory cortex and is cytoarchitectonically identified as Brodmann Area 41 (Morosan et al. 2001) . It is located at the posterior end of the superior temporal gyrus (STG) and distinguishes itself from other gyri by running in the posteromedial-anterolateral direction. The size of HG varies substantially between individuals (Abdul- Kareem & Sluming 2008) . In addition, the left HG is on average 10-30% larger than the right HG (Smiley et al. 2013 ). This asymmetry is related to left hemisphere dominance in speech and language processing (Penhune et al. 1996) .
Previous studies have indicated a central role of HG in pitch perception (Krumbholz et al. 2003) and sound-level perception (Hart et al. 2002) . Increased white matter (WM) and gray matter (GM) volumes in HG, especially the left HG, have been reported in individuals who show high ability in speech perception, such as fast learners of foreign speech contrasts (Golestani & Pallier 2007) and linguistic tones (Wong et al. 2008) , bilinguals (Ressel et al. 2012) and phoneticians (Golestani et al. 2011) . Similarly, a larger GM volume in HG, particularly the right HG, has been found in musicians compared with non-musicians (Schneider et al. 2002) . People with more musical experience tend to have a larger GM volume of the left HG (Gaser & Schlaug 2003) . Furthermore, professional musicians with absolute pitch have a larger right HG than musicians who do not (Wengenroth et al. 2013) . Functional imaging studies also support the role of HG as a pitch processing center. Pure tones with higher pitch mainly activate the anterior and posterior part of HG, while the activation for lower tones is more centered around the middle part of HG (Da Costa et al. 2011) . Sounds with pitch information evoke stronger brain activation than those without pitch in the lateral part of HG and the neighboring planum temporale (Patterson et al. 2002; Puschmann et al. 2010) .
A positive correlation between HG size and proficiency of auditory processing is of great interest as it links brain structure to behavioral performance. However, it does not indicate whether differences in brain structure and behavioral performance are linked because of pleiotropic genetic variation, as opposed to being driven by experience or training. Golestani et al. (2011) demonstrated that there was no correlation between the GM volume in HG and the length of time spent in professional training by phoneticians. This suggests that the HG volume differences observed between phoneticians and non-phoneticians arise before training and that those differences might be partly explained by genetic variations. Moreover, imaging studies in twins have shown that the morphology of HG is highly heritable (Peper et al. 2007) . The heritabilities of HG area and thickness derived from surface-based representations were reported to be 0.73 and 0.71, respectively (Winkler et al. 2010) . Another twin study showed that the heritabilities of HG area and thickness were 0.30 and 0.50, respectively, when using vertex-based estimates (Eyler et al. 2012) .
Given its correlation with behavioral performance on sound perception and its relatively high heritability, it is important to better understand the genetic underpinnings of the morphology of HG. To this end, we conducted genome-wide association scan (GWAS) meta-analysis in order to identify genetic variants that affect HG morphology, as assessed from magnetic resonance imaging (MRI) data in 3054 participants. In a GWAS analysis, millions of single nucleotide polymorphisms (SNPs) covering the whole genome are tested individually for their association with a trait. The large number of statistical tests in GWAS necessitates stringent thresholds to avoid type I errors. In addition, the genetic effects are expected to explain only a limited proportion of the overall trait variability. As a result, large sample sizes are required to detect significant effects in GWAS studies. Fully automated algorithms are therefore necessary for the segmentation and parcellation of HG. Of the different automated measures available, cortical volume is commonly used in functional MRI studies concerning HG (Abdul-Kareem & Sluming 2008) . However, it has been shown that measures of regional cortical volume conflate variability in surface area and thickness, which are partially genetically independent from each other (Panizzon et al. 2009; Winkler et al. 2010) . We therefore analyzed surface area and thickness as separate phenotypes. Considering the asymmetry of HG (Smiley et al. 2013) , we allowed for the effect sizes of SNPs to be different in both hemispheres. As a result, we conducted four separate GWAS on the surface area and thickness of both left and right HG. We used the results to identify novel candidate loci associated with HG morphology.
Material and methods

Participants
We included 3054 participants (56.0% females) from two independent imaging genetics studies. The Brain Imaging Genetics (BIG) project is based at Nijmegen, The Netherlands (Franke et al. 2010) . At the time of this study, it included 2483 healthy individuals aged 18-35 years (53.2% females, mean age = 26.8 ± 12.0 years).
Genome-wide genotype data were available for 1276 participants (57.4% females, mean age = 23.0 ± 3.8 years). All of the participants were part of other brain imaging studies conducted at the Donders Centre for Cognitive Neuroimaging, Nijmegen. Informed consent for the participation in the BIG project was given separately from the original imaging studies. Saliva samples were then collected for DNA analysis. The study was approved by the local medical ethics committee (CMO regio Arnhem/Nijmegen).
The Study of Health in Pomerania (SHIP) is a population-based project conducted in Greifswald, Germany (Volzke et al. 2011) . SHIP-0 consisted of adult German residents in northeastern Germany. A two-stage stratified cluster sample (aged 20-79 years at baseline) was randomly drawn from local registries. A total of 4308 Caucasians participated at baseline SHIP-0 (1997 SHIP-0 ( -2001 . The first follow-up examination (SHIP-1, N = 3300) was conducted 5 years later. The second follow-up examination (SHIP-2, N = 2333) was carried out about 10 years after baseline. Concurrent with SHIP-2, a new independent sample (SHIP-Trend-0, N = 4420) in the same area was drawn in 2008 and similar examinations were undertaken. Participants in both cohorts underwent a whole-body MRI scan, as well as genotyping for common polymorphisms. In this study, we used the data from SHIP-2 and SHIP-TREND-0 (hereafter referred as SHIP-T). Participants with neurological deficits such as stroke, tumors, epilepsy and hydrocephalus were further excluded. As a result, 1014 participants from SHIP-2 (59.2% females, mean age = 55.2 ± 12.6 years) and 1937 participants from SHIP-T (52.6% females, mean age = 50.6 ± 13.9 years) remained for further analysis. Genotypes were available for 956 participants in SHIP-2 (53.6% females) and 822 participants in SHIP-T (56.6% females).
Data acquisition and processing
Structural imaging data in the BIG project were obtained with three scanners: a 1.5-T Siemens Sonata scanner (N = 444), a 1.5-T Siemens Avanto scanner (N = 931) and a 3-T Siemens Trio scanner (N = 1108). For the GWAS sample, 49.6% of the participants were scanned using the 1.5-T scanners. The parameters used were slight variations of a standard T1-weighted 3D magnetization prepared rapid gradient echo (MPRAGE; voxel size = 1.0 × 1.0 × 1.0 mm 3 ) due to the different designs of the functional studies from which these data were taken. The most common combinations of repetition time (in milliseconds), echo time (in milliseconds) and flip angle (and their frequencies) were 2300/3.03/8 ∘ (30%), 2250/2.95/15 ∘ (26%), 2250/3.68/15 ∘ (13%) and 2730/2.95/7 ∘ (11%). Imaging data in the SHIP project were obtained in a 1.5-T Siemens Avanto scanner using the standard T1-weighted MPRAGE sequence with following parameters: repetition time = 1900 milliseconds, echo time = 3.4 milliseconds, flip angle = 15 ∘ , voxel size = 1.0 × 1.0 × 1.0 mm 3 (Hegenscheid et al. 2009 ).
Preprocessing and parcellation of T1 images were performed in FreeSurfer (v5.3 in BIG and v5.1 in SHIP) with the default 'recon-all' pipeline (Fischl et al. 2004) . The preprocessing began with motion correction, intensity normalization and skull stripping. White matter voxels were then segmented based on their locations and intensities. A mesh was built around the resulting WM volume and smoothed. Topological defects were automatically corrected. The boundary between WM and GM was smoothed again to obtain the WM surface. The pial surface was produced by nudging the WM surface outwards until the point with the maximal tissue contrast was reached. Cortical thickness was then defined as the distance between the WM and pial surface. After the surface model was constructed, the surfaces were parcellated into regions using an atlas-based procedure (Desikan et al. 2006) . From this parcellation, we then extracted the mean cortical surface area and thickness of bilateral HG. We controlled for potential effects of age, sex, handedness, total brain volume and field strength using linear regression in R (v2.15.2 in BIG and v2.12.2 in SHIP, http://www.R-project.org). We adjusted for the total brain volume to increase sensitivity to detect effects that are particularly relevant for HG. Field strength was adjusted because it had an effect on FreeSurfer-measured traits in the BIG dataset (see the ENIGMA protocol; Stein et al. 2012) .
Repeatability analysis
To assess the reliability of FreeSurfer measures in this analysis, we analyzed the scan-rescan correlations of HG surface area and thickness, using data from 290 twice-scanned participants in the BIG dataset. The Pearson correlations between the first and second scans were calculated in R v2.15.2.
GWAS analysis
The BIG and SHIP-2 samples were genotyped with the Affymetrix Genome-Wide Human SNP Array 6.0, while the SHIP-T samples were genotyped with the Illumina Human Omni 2.5 array. The exclusion threshold for the genotyping call rate was 90%, 92% and 94% for BIG, SHIP-2 and SHIP-T, respectively. Imputation against the 1000 Genomes (v3) reference panel was performed with the software MIN-IMAC and IMPUTE (v2.2.2), respectively, for the BIG and SHIP samples. More details for genotyping can be found elsewhere for BIG (Guadalupe et al. 2014) and SHIP (Teumer et al. 2013) . Genome-wide association scan analyses on the surface area and thickness of bilateral HG were carried out separately in each dataset using the linear regression option in PLINK v1.07 (Purcell et al. 2007) . SNPs with a minor allele frequency (MAF) ≤ 0.05, with a genotype call rate ≤ 95%, or that were out of Hardy-Weinberg equilibrium (P ≤ 5 × 10 −6 ) were excluded from the analyses.
To merge the genetic association results across three datasets, we conducted sample-size-based meta-analyses in METAL (Willer et al. 2010) . For each SNP, this analysis combines the probabilities of a genetic effect (i.e. P values from linear regression) from each dataset based on the sample size and the direction of effect. Only SNPs present in all three datasets were included. In the final meta-analyses, we analyzed 4 103 035 SNPs in 3054 individuals. The genome-wide significance threshold was set to 5 × 10 −8 according to the community standard (Barsh et al. 2012) . For a meta-analysis of this sample size, there was ≥80% power to detect variants with effect size of 1.32% of the variance for MAF ≥ 0.05 at P < 5 × 10 −8 (Purcell et al. 2003) .
Candidate gene analysis
The GWAS analysis provided the opportunity to assess specific candidate variants and genes indicated by earlier genetic studies which examined traits relevant to the current phenotypes. We searched for genetic studies of pitch or tone perception, cortical surface area and thickness, and found the following studies that reported significant results (till March 2014).
A genome-wide linkage and association analysis was conducted on music aptitude in 76 extended Finnish families, including the ability to discriminate pitch, duration and sound pattern (Oikkonen et al. 2014) . The most significant association was found between rs9854612 (near gene GATA2 at 3q21.3) and the combined score of the three abilities. The highest probability of linkage was obtained for pitch perception ability near gene PCDH7, and the strongest associations in this region were found for SNPs rs13146789 and rs13109270 (4p14). Another genome-wide linkage study of 212 healthy siblings used magnetoencephalographic responses to pure tones as phenotypes (Renvall et al. 2012 ). Significant linkage was found at 2q37 together with suggestive linkages at 3p12 and 8q24. Within the linkage region of 3p12, gene ROBO1 plays a role in interaural interaction in auditory pathways (Lamminmaki et al. 2012) . Two other candidates came from studies investigating the use of tone languages, as it has been shown that experience with linguistic tones can influence non-linguistic pitch perception (Gandour et al. 1998; Peng et al. 2013) . The allele frequencies of SNP rs41310927 in gene ASPM and rs930557 in gene MCPH1 were suggested to be associated with the use of tone languages when compared across world populations (Dediu & Ladd 2007) . The ASPM SNP was further associated with behavioral performance and functional brain activation in linguistic tone perception (Wong et al. 2012) , although the sample size in this study was very small (13 participants for imaging genetics), and the effect was in the opposite direction to that reported by Dediu and Ladd (2007) .
There are few genetic association studies that have used cortical surface area or thickness as traits. The SNP rs2239464 within gene MECP2 was significantly associated with the cortical surface area throughout the cortex (Joyner et al. 2009 ). The SNP rs4906844 and rs11633924, within a putative protein-coding gene LOC100128714 at 15q12, showed significant association with average cortical thickness (over all cortical regions) and modest association with cognitive performance including verbal learning and verbal fluency (Bakken et al. 2011) . Cortical thickness was also studied in a whole-genome quantitative trait locus analysis that integrated data on gene expression (Kochunov et al. 2011 ). The expression levels of genes RORA, ADM10 and NARG2 were significantly correlated with GM thickness.
For the genes mentioned above, we calculated the gene-level P values in KGG v2.5 . The SNP level statistics were combined using the extended Simes test (known as GATES, Li et al. 2011) . The association between the individual SNPs mentioned and HG phenotypes were also examined. Proxy SNPs in high linkage disequilibrium (r 2 > 0.8) were used when the candidate SNPs were not available in the GWAS results.
Hearing loss is a common sensory disorder that can be associated with changes in the structure of HG and the auditory cortex. Morphometric analysis showed that congenitally deaf subjects had a greater GM-WM ratio bilaterally in HG (Emmorey et al. 2003) . As a complex trait, deafness has many different subtypes relating to different genetic variants. In this analysis, we included 46 genes implicated in non-syndromic deafness as summarized in Hilgert et al. (2009) . Gene-level P values were calculated for each of these genes. Seven of them were not included in the NCBI36/hg18 genome assembly that was used in KGG for the calculation of gene-level P values.
We also considered schizophrenia as a potential trait linked to HG variation. Bilateral volume reductions were reported in schizophrenia patients (Smiley 2009 ). The severity of auditory hallucinations and delusions in people with schizophrenia was correlated with volume loss in the left HG (Gaser et al. 2004) . We assessed 24 genome-wide significant SNPs reported in a recent large-scale meta-analysis (Ripke et al. 2013) . To combine the effect size of these SNPs, we also calculated a putative schizophrenia genetic risk score by adding up the number of reference alleles in each SNP which were weighted by the logarithm of the odds ratio ). The correlation between the risk score and the current phenotypes was examined in the BIG dataset.
Explorative analysis across the cerebral cortex
To further investigate whether the most significant genetic variant arising from GWAS (an effect on HG surface area, see below) was affecting HG specifically or also associated with morphological variations in other regions of the cerebral cortex, we tested the effects of this SNP on the surface areas of all 68 regions within the Desikan atlas, in the same three datasets as used for GWAS.
Results
The mean surface areas of left and right HG were 464.67 and 349.64 mm 2 , respectively ( Table 1) . The correlation between left and right HG area was 0.42, 0.38 and 0.39 for BIG, SHIP-2 and SHIP-T, respectively. The mean cortical thickness of left and right HG were 2.342 and 2.363 mm, respectively. The correlation between left and right HG thickness was 0.65, 0.59 and 0.60 for BIG, SHIP-2 and SHIP-T, respectively.
Repeatability analysis
The scan-rescan correlation of HG surface area was 0.8954 in the left and 0.8983 in the right hemisphere. As for the average thickness, the scan-rescan correlations were 0.7662 and 0.7468 for left and right HG, respectively.
GWAS analysis
No SNP showed genome-wide significant association with the area of either left or right HG (Fig. 1) . Suggestive loci with P < 1 × 10 −5 are listed in Table 2 . The most significant association with the area of left HG was found at rs333332 within gene KALRN (3q21.2; P = 2.27 × 10 −6 ; MAF = 0.33).
The standardized regression coefficients were −0.17, −0.10 and −0.04 for BIG, SHIP-2 and SHIP-T, explaining 1.29%, 0.45% and 0.06% of the variance, respectively. The association between rs333332 and right HG area was not significant (P = 0.0962). The top SNP found in right HG area was rs72932726 near gene DCBLD2 (3q12.1; P = 2.77 × 10 −7 ; MAF = 0.11). The standardized regression coefficients were 0.22, 0.14 and 0.16 for BIG, SHIP-2 and SHIP-T, explaining 0.86%, 0.46% and 0.50% of the variance, respectively. rs72932726 was also associated to a lesser extent with left HG area (P = 7.84 × 10 −4 ). No genome-wide significant association was found in the analyses of cortical thickness (Fig. 1 ). Suggestive loci with P < 1 × 10 −5 are listed in Table 3 . The SNP rs143000161 near gene COBLL1 showed the most significant association with the thickness of left HG (2q24.3; P = 2.40 × 10 −6 ; MAF = 0.08). The standardized regression coefficients were 0.06, 0.04 and 0.05 for BIG, SHIP-2 and SHIP-T, explaining 0.73%, 0.49% and 0.67% of the variance, respectively. rs143000161 was associated with right HG thickness to a lesser extent (P = 0.0013). The most significant SNP associated with the thickness of right HG was rs7062395 near the gene POU3F4 (Xq21.1; P = 2.38 × 10 −6 ; MAF = 0.19). The standardized regression coefficients were −0.03, −0.05 and −0.05 for BIG, SHIP-2 and SHIP-T, explaining 0.50%, 1.08% and 1.13% of the variance, respectively. There was a weak association of rs7062395 with left HG thickness (P = 0.0233).
Candidate gene analysis
We included nine SNPs and eight genes from pitch/tone studies and cortical surface/thickness studies. None of them showed significant association with the HG measures after correction for multiple comparisons (Table S2 , Supporting Information). One SNP (rs9854612 near gene GATA2) was nominally significant (P = 0.041), which was previously associated with the combined ability in discriminating pitch, duration and sound pattern.
For the available hearing loss candidate genes, none of the gene-level P values were significant after correction for multiple comparisons (Table S3 ).
For the candidate SNPs related to schizophrenia, one of them (rs7085104) was marginally significant after correction for all the 33 candidate SNPs tested (Table S4 ). The uncorrected P values for left area, right area, left thickness and right thickness were 0.0017, 0.0171, 0.0042 and 0.0262, respectively. No significant correlation was found between the schizophrenia genetic risk score and the HG measures (Fig. S3 ).
Brain-wide explorative analysis
The most significant association from GWAS was found between rs72932726 and right HG area (3q12.1; P = 2.77 × 10 −7 ; MAF = 0.11). We tested this SNP against the surface area of all other cortical regions defined in the Desikan atlas. In addition to the right HG, rs72932726 showed significant association with the surface area of bilateral superior frontal gyrus (SFG), bilateral STG, left middle temporal gyrus (MTG), right pars orbitalis and left HG (although not significant in the GWAS), after Bonferroni correction for all regions in the Desikan atlas (Table 4) .
Discussion
In this study, we conducted GWAS analyses on the cortical surface area and cortical thickness of left and right HG. None of the SNPs showed genome-wide significant association with the HG measures. The most significant association we found was between the area of right HG and rs72932726. This SNP is near the protein-coding gene DCBLD2 (discoidin, CUB and LCCL domain containing 2). DCBLD2 encodes a type I transmembrane protein that is highly expressed in nerve bundles and vascular smooth muscle cells. It may be involved in a wide range of functions in the nervous and vascular systems (Kobuke et al. 2001; Sadeghi et al. 2007) . DCBLD2 has also been identified as part of a complex epidermal growth factor (EGF) phosphotyrosine signaling network, serving as a novel tyrosine phosphorylation target of EGF signaling in human cancer cells (Chen et al. 2007) .
The same SNP was also associated with variations in surface areas of left HG, bilateral STG, left MTG, left SFG and right pars orbitalis (Fig. 2) . These regions are part of two closely related functional networks: the auditory network and the language network, which is consistent with the idea that regions within functional networks might be subject to The horizontal axis shows the base pair position of each SNP and the vertical axis shows the −log 10 of the P value for association. The blue and red horizontal lines indicate suggestive (P < 1 × 10 −5 ) and significant (P < 5 × 10 −8 ) thresholds, respectively. See Figure S1 for Manhattan plots and Figure S2 for QQ plots for individual datasets.
shared genetic influences. Analyses of resting-state functional connectivity show that STG is strongly connected to HG, and that they form the main components of the auditory network (Kang et al. 2011) . Moreover, an analysis of structural covariation (correlation of surface area across regions) in the current datasets showed that the ipsilateral STG was the region with the highest correlation with HG (R = 0.45 and 0.41 in left and right hemispheres, respectively, after correction for covariates), providing further evidence for their involvement in the same functional network. Heschl's gyrus and STG are bilaterally activated during both speech and non-speech sound processing (Hickok & Poeppel 2007; Price 2012) and are thought to be involved in the early processing of complex sounds. During speech processing, the output from bilateral HG and dorsal STG is further processed by regions in the language network. These later processing stages include word retrieval with minimal semantics in the posterior STG and the retrieval of higher level semantic information in left MTG. Subsequently, the dorsal part of left SFG is involved in selecting and retrieving semantic attributes based on context (Price 2012; Scott et al. 2003) . The right pars orbitalis as part of the right inferior frontal gyrus is involved in unifying the world knowledge and local context during discourse comprehension (Menenti et al. 2009 ). In other words, rs72932726 is associated with structural variation in multiple brain regions that are involved in speech and language processing. This suggests that brain regions that form functional networks are also (at least partially) under common genetic control. It would therefore be interesting in future studies to further investigate the genetic underpinnings of the shared variance between brain regions, for instance by considering multivariate approaches (Ferreira & Purcell 2009 ).
The SNP that showed the most significant association with left HG area (rs333332) is located within the protein-coding gene KALRN (kalirin, RhoGEF kinase). Kalirin is highly expressed in the central nervous system (Rabiner et al. 2005) . It plays an important role in regulating axonal growth and dendritic morphogenesis and is essential for neuronal maintenance, brain connectivity (May et al. 2002; Rabiner et al. 2005) and implicated in disorders such as schizophrenia (Glausier & Lewis 2013 ), Huntington's (Colomer et al. 1997 ) and Alzheimer's disease (Penzes & Remmers 2012) . RNAi-dependent knockdown of kalirin in mice leads to reductions in the size of the cortex and cortical layers (Xie et al. 2010) . Overexpression of kalirin-9 in the auditory cortex was found in schizophrenia patients compared with control subjects (Deo et al. 2012) . The current finding provides further evidence for a role of KALRN in the development of auditory cortex.
The locus that showed the most significant association with the cortical thickness of left HG was located 12.63 kilobases away from the protein-coding gene COBLL1 (cordon-bleu WH2 repeat protein-like 1) at 2q24.3. The Gene Ontology annotation for this gene is actin binding (GO:0003779, Gene Ontology Consortium et al. 2013) . The protein cordon-bleu is involved in neural tube development (Carroll et al. 2003) .
A large number of SNPs located on chromosome Xq21.1 were associated with the cortical thickness of right HG. These SNPs were located roughly 1 Mb upstream of the gene POU3F4 (POU class 3 homeobox 4). POU3F4 encodes a POU-domain neural transcription factor that is broadly expressed in the developing nervous system (He et al. 1989) . Human POU3F4 was the first causative gene identified for X-linked non-syndromic deafness (De Kok et al. 1995) . Mouse models have indicated its essential role in inner ear development (Phippard et al. 1999 (Phippard et al. , 2000 . The expression of POU3F4 during inner ear development depends on multiple regulatory elements (Naranjo et al. 2010) . One of these is located 970 kb away from the gene, which overlaps with the locus associated to right HG thickness in our analysis. Further research is required to investigate the potential link between POU3F4 and the development of primary auditory cortex. We found no clear evidence for association between the HG measures and any of the candidate variants or genes that we queried, in relation to our hypotheses regarding pitch perception, cortical surface area, average cortical thickness, hearing loss and schizophrenia. One schizophrenia SNP (rs7085104) was marginally significantly associated with left HG area. However, individuals with more schizophrenia risk alleles for this SNP showed a larger HG area, which is in the opposite direction to the prediction based on previous findings.
Due to the large sample size in this study, it is necessary for us to use automatic segmentation and parcellation methods in imaging analysis (Desikan et al. 2006) . These methods are not perfect in capturing all aspects of brain structures, especially when the gyrification pattern of a brain region is highly variable and complicated (Engel et al. 2011) . This is especially relevant for the HG, as it can present as a single gyrus, a partially duplicated gyrus or a completely duplicated gyrus (Abdul-Kareem & Sluming 2008) . Estimates of the probability of partial or complete duplications range from 30% (Abdul-Kareem & Sluming 2008) to 40% (Marie et al. 2012) . We aimed to include the duplicated part as defined within the atlas; however, it was not successful in all cases. In an exploratory analysis, we selected eight subjects with a clear pattern of duplication in left HG from 262 randomly chosen subjects. The parcellation based on the Desikan atlas captured at least a substantial part of the second gyrus in six of them. This could be improved by developing more sophisticated parcellation protocols and introducing minimal manual interventions, provided that they are practically feasible for large datasets. An example of such a semi-automated method was developed by Schneider and colleagues (Schneider et al. 2005; Wengenroth et al. 2010 Wengenroth et al. , 2013 . Future studies should investigate whether this method can scale up to larger sample size studies such as GWAS.
If the presence of a duplicated gyrus is well captured, an index of HG gyrification would be another interesting endophenotype for future analyses. Eckert and Leonard (1999) manually labeled the structure of HG in siblings and Tables 2 and 3 are sorted by genomic positions. Only the most significant SNP within each linkage disequilibrium block is reported. 'A1' refers to the reference allele. 'Direction' shows the direction of the values from linear regression, in the order of BIG, SHIP-2 and SHIP-T. '+' indicates that the trait increases with the number of A1. 'HetISq' refers to the I 2 in the heterogeneity test. 'Variance explained' is calculated as 2pq × 2 /(SD) 2 ; p = MAF, q = 1 − p, = unstandardized regression coefficient, SD = standard deviation of the phenotype without covariate corrections. 'Gene distance' is in the unit of base pairs (BP). Boldface indicates the lowest P value in the current GWAS. A full list of SNPs with P < 1 × 10 −5 are provided in Table S1 with more details. 'lh' and 'rh' in 'Region names' refer to left and right hemisphere, respectively. 'transverse_temporal' refers to HG in the Desikan atlas. 'NMISS' indicates the number of non-missing samples. 'Direction' shows the direction of the values from linear regression, in the order of BIG, SHIP-2 and SHIP-T. '+' indicates that the surface area increases with the number of A1. 'HetIsq' and 'HetPVal' refer to the I 2 and P values in the heterogeneity test. The P values shown are not corrected for multiple comparisons, but they are significant after Bonferroni correction for all regions within the Desikan atlas. See Table S5 for the results for all regions, whether significant or not after Bonferroni correction.
found that the duplication pattern in the right HG was consistent with a traditional Mendelian dominant pattern of inheritance. Moreover, the gyrification pattern at birth predicts later functional development (Dubois et al. 2008) . Finally, the fact that the shape of HG does not change substantially during adulthood (Golestani et al. 2011) suggests that gyrification could be a very interesting endophenotype, albeit difficult to compute automatically at present.
The population differences between the datasets used in this study might have prevented us from detecting the true genetic influences on HG. First, the age distributions differ between the datasets. The BIG project includes predominantly young adults while the age of participants in the SHIP project is much more evenly distributed across a broader age range. Previously, it has been shown that GM area of HG is significantly smaller in old adults (Torii et al. 2012) . As a consequence, the age-related variation in HG surface area could have obscured genetic effects, for instance by an interaction of age with genetic factors. Second, there are differences in the education levels between participants from BIG (mostly university students) and from SHIP (general population). Although it is difficult to test, this could have led to a larger exposure to second language learning in the BIG sample, which might in turn affect the size of HG (Ressel et al. 2012) .
In conclusion, we found a suggestive genetic variant (rs72932726) related to the surface area of right HG. Other regions connected to HG in the auditory and language networks also showed a significant association to the same variant. The variance in left HG area and thickness might be partly explained by the expression levels of KALRN and COBLL1 in the auditory cortex, both of which regulate neuron morphogenesis. The right HG thickness is possibly related to the inner ear development which is regulated by the X-linked deafness gene POU3F4. Further studies are needed to confirm these hypotheses. Future work may require improved automated approaches in segmenting HG. Replication of the current findings in a larger sample will also be important. Research (grant 03ZIK012 No conflicts of interest are declared.
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